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We give a new argument for the occurrence of hadronic modes in the high-temperature quark 
plasma, present a crude phenomenological model of the plasma, and discuss possible experimental 
signatures for the low-lying modes. 
I. INTRODUCfION 
At high temperatures and zero baryon-number density, 
hadronic matter is expected to undergo a phase transition 
to a "quark-plasma" phase. The theoretically expected 
characteristics of this phase have only recently become 
apparent, although existence of this phase has been known 
for some time. 1 It has been traditional to assume that the 
phase is well described as a gas of relatively weakly in-
teracting quarks and gluons. This "naive deconfinement" 
picture has been under attack for some time now, but re-
cent evidence, which we outline, suggests that the simple 
picture is fundamentally wrong. 
We focus on the low-lying modes of excitation of the 
plasma. They are associated with poles in frequency-
momentum-space linear response functions of the type 
SAB(k,w) = J dkdwe (ik'x-ic"tl(T[A (x,t)B(O,O)]) , (I) 
where A (x, t) and B (x, t) are local operators and the aver-
age is taken over the Gibbs ensemble at temperature T. 
At zero temperature these modes are the familiar had-
rons. At finite temperature they correspond to peaks in 
certain cross sections. 
We present a new argument and cite recent evidence in 
support of the proposition that the plasma modes are ves-
tiges of the familiar hadrons, introduce a crude model of 
the plasma, and discuss the prospects of detecting 
hadronic-plasma modes in heavy-ion collisions. Whether 
charmonium states survive the phase transition is a quan-
titative question of some recent controversy. 2 We are con-
cerned here with lighter hadronic modes. 
II. EVIDENCE FOR HADRONIC MODES 
The phase boundary between the low- and high-
temperature phases provides indirect information about 
the nature of the plasma excitations. In QCD several La-
grangian parameters can be varied to produce a multidi-
mensional phase diagram. These parameters include the 
masses of the various quarks, the chemical potentials for 
each of the flavors, including baryon number and temper-
ature. The key issue to be resolved is whether there is a 
break or gap anywhere in the phase boundary that permits 
a smooth passage between the phases. If so, there is a 
rigorous one-to-one correspondence between the low-
temperature and high-temperature modes of excitation. 
That is, the poles in the linear response functions (1) can 
be tracked smoothly through the phase diagram from one 
phase to the other. Therefore, in particular, if there are 
no quark and gluon modes at low temperatures, there 
must be none at high temperatures as well. 
It is sufficient to find any gap whatsoever in the phase 
boundary, even if the gap occurs at an unnatural value of 
the Lagrangian parameters. Of course, the rigorous argu-
ment does not rule out the possible practicality of a 
parton-model description at any temperature nor does it 
say anything about the stability of high-temperature 
modes. We argue below that some of them may indeed be 
sufficiently long lived at moderate temperatures to be ob-
servable. 
What is known so far about the m vs T phase diagram, 
where m is a flavor-symmetric quark mass? For SU(2) 
color a gap almost certainly occurs, since the high-
temperature phase transition is probably second order and 
so disappears when quarks of any large mass are intro-
duced. 3 For SUO) color several recent simulations on 
small lattices find a gap at small quark mass. 4,5 Even if 
the gap is found to be filled in as the lattice volume is in-
creased, model studies suggest that it can be opened by re-
ducing the number of flavors and increasing the flavor 
chemical potentials. 6 
The second indirect approach has been to study the be-
havior of the imaginary-time linear response functions at 
large spatial distances. 7- 9 The imaginary-time functions 
(static susceptibilities) are analytically related to the 
real-time functions Cl). In this case the poles are followed 
to zero frequency and imaginary wave number. The nu-
merical simulations provide evidence for cleanly separated 
poles in color-singlet channels in imaginary momentum. 8,9 
At temperatures about 25% above the critical temperature 
the degenerate pion and a-meson modes are found to have 
screening masses of about 4 T and the p-meson mode, 
about 7T. 9 
Although there is a rigorous one-to-one correspondence 
between screening modes and real modes, the uniqueness 
of the equilibrium ensemble requires that all of the real-
time modes be unstable to some degree, and the widths 
are not known from the simulations. We resort to models 
to illuminate this question. We shall assume here that for 
each mode the screening mass from the simulation is ap-
proximately equal to the gap frequency. 
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III. THREE-COMPONENT MODEL 
OF THE QUARK PLASMA 
For temperatures above the phase transition we propose 
a quark-matter version of the three-component plasma 
model of Ref. 10. The three components correspond to a 
crude division of distance scales of the plasma: at the 
longest distances, there are the hydrodynamic modes, 
namely, the phonon and thermal diffusion modes; at inter-
mediate distances there are hadronic modes; at the shor-
test distances, we use quark and gluon degrees of freedom. 
Each of the components is treated as a noninteracting 
constituent in first approximation. This treatment is cer-
tainly incorrect in the vicinity of the phase transition 
where interactions produce the chiral condensate. The 
distance scales are enforced by introducing momentum 
cutoffs. Phonons have momentum k < kMF, a scale set by 
the mean free path. Hadronic constituents have momen-
tum k < kH, a scale set by their momentum-dependent 
lifetimes, as discussed below. The quark and gluon com-
ponent is restricted to high momenta k > kM, the "mag-
netic confinement" scale. 
It is natural to introduce the lowest-lying hadronic 
modes explicitly. Judging from the screening masses, 9 
they are likely to be the rr, K, a, p, and a I mesons. The 
quark and gluon component stands for all of the higher 
modes. They are not true plasma modes. 
To obtain a rough estimate of the energy density, we 
put kMF-kH-kM==pT for constant p. Let the phonon 
dispersion relation be given by Wph ==vsk, the rr, a, and K 
dispersion relations by w; "'" k 2 + (Ps T) 2, the p and a I 
dispersion relations by w~=k2+(J1vT)2, and the quark 
and gluon dispersion relations by Wq ==wg -k. The energy 
density is 
T4 
E-B+--2 (uph+8us+18uv+16ug+36uq) , (2) 2rr 
where the component energy densities are 
U ( ),. fll p 2dp vsp 
ph p J o v P , e' -1 
fll p2pd(p2+p~) 1/2 
Uh (p) =- J( ( 2+ 2)1/2 
o e P Ilh -I 
f OD 3d foc 3d U (p) =- ~,U (J1) = .E..:.!!.P-g Il eP-I q Il eP+ I 
Here h stands for the label s or v for the scalar- and 
vector-meson modes. The coefficients 18 and 36 are ap-
propriate for a color octet of gluons and three flavors of 
quarks. The other coefficients count the hadronic spin and 
flavor degrees of freedom. We have included a "latent" 
heat B to represent the energy required to liberate the 
chiral condensate. 
To estimate the energy density in our model, we arbi-
trarily set Ps -Pv -J1 and take VS =M. Then the com-
ponents make the contributions shown in the figure to the 
total energy density. It is evident that for p.$ 3 the contri-
butions are within 30% of the Stefan-Boltzmann value, 
consistent with numerical simulations,4 even without the 
help of the latent heat B. We suggest that such a scale for 
strong interactions is warranted by the rather large 
screening mass (= 7T) obtained for the p-mesonic 
mode. 9 
Next, we turn to an estimate of the widths of the real-
time modes. These widths arise from collisional and de-
cay processes. Consider the p-meson mode. Judging from 
the temperature dependence of the screening masses,9 we 
expect the 7r7r decay channel to close slightly above the 
phase transition and at higher temperatures only collision-
al processes remain. The collisional width of the p meson 
arises from the generic process 
where ¢ is any constituent. Its contribution to the width 
of a zero-momentum p meson is II 
f d3 r.... ~Vreln,(p)(1 ±n,I)'" (I ±n,m)da , (2rr) 
where Vrel is the relative velocity between the constituent I/J 
and the p meson, p is the momentum of the incident parti-
cle, da is the differential cross section of the process, 
and n is the usual distribution function n (E) 
=- [exp(E/T) ± 11 -I. We are ignoring processes that 
produce the p meson. They decrease the width. If the 
momentum cutoff and masses of the hadronic constituents 
are much larger than the temperature, then I ± n = I. 
Summing over all final states gives 
f~ r- (27r) 3 Vreln(p)a(p,T) . (5) 
For want of a better estimate take a(p, T) - ao/T2. Then, 
aoTIB r=--2 Vreln(p)p 2dp , 2rr A 
where the limits of integration are (A,B) -(0,2p) for ha-
dronic constituents, and (A ,B) - (2p, (0) for quarks and 
gluons. Using the same choices for cutoffs and mass as in 
the estimate of the energy density above, and summing 
over all constituents of the plasma, we get the total col-
lisional width shown in Fig. I. For p-3 and ao-I, corre-












FIG. I. Left scale: contribution to the energy density (2) as 
a function of cutoff parameter J.l normalized to the Stefan-
Boltzmann value. Dashed line: quark and gluon contribution; 
heavy line: quark, gluon, phonon, and hadron contributions. 
Right scale and thin line: hadronic width from all components 
from Eq. (6). 
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=2.4T, smaller than the measured screening masses. 
Similar results are expected for the other hadronic modes. 
Since with these plausible assumptions the widths of the 
plasma modes are smaller than the gap frequencies, our 
treatment of the hadronic modes as discrete plasma exci-
tations is justifiable a posteriori. 
Typical hadronic cross sections rise rapidly as reso-
nances are excited. Therefore, as the momentum of the 
excitation increases relative to the medium, the widths 
may also increase so as to overtake the frequency of exci-
tation. An ideal-gas treatment would then be inappropri-
ate. 
IV. EXPERIMENTAL SIGNATURES 
We turn now to the prospects of observing some of the 
plasma modes in heavy-ion collisions. The model pro-
posed in the previous section assumed an equilibrium en-
semble. This condition is certainly not met on the large 
scale in heavy-ion collisions, but it has been customary to 
assume that local thermal eqUilibrium is achievable. Thus 
the longest-range excitations, the phonon and other hy-
drodynamic modes, must propagate in a distorted medium 
due to longitudinal expansion and rapid cooling, but the 
shorter-range hadronic modes and the partons may enjoy 
local equilibrium and survive to be observable. 
To observe the excitations requires a nonhadronic 
probe. Perhaps the best prospects are found in the 
charged-dilepton channels, which probe the vector 
mesons. The cross section as a function of the invariant 
mass of the lepton pair may reveal a distortion in the p-
meson peak. Two factors contribute to an observable dis-
tortion. 
(I) A thermal shift in the gap frequency (i)p(O, T) due 
to formation of the p-a 1 chiral multiplet and changes in 
the confinement scale. 12 
(2) A moderately small width as discussed in the previ-
ous section. 
Two factors obscure the observable distortion. 
(I) Since the produced lepton pair may come from a 
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wide variety of environments at any of a range of temper-
atures, the observed peak position will be smeared out, ac-
cording to the variation of the gap frequency with temper-
ature and the thermal histories of the events. Some other 
event-selection criterion, e.g., high multiplicity, may be 
helpful to reduce the contribution from events that do not 
ignite the plasma. 
(2) Since the dispersion relation for the hadronic modes 
is not Minkowskian, there will be Doppler broadening of 
the peaks due to the motion of the excitation relative to a 
local plasma rest frame. 
Because of theoretical uncertainties in knowing the 
plasma-mode cross sections, the excitation frequencies 
and their temperature dependence, and, to some extent, 
the thermal histories of plasma events, it is not possible at 
present to predict definitely whether a clear signal will 
survive. Only experiment will tell. 
The two-photon channel offers but faint hope of observ-
ing the shifts in the nO, cr, and 11 mode frequencies. 13 
When the photon polarizations are not distinguished, all 
three peaks should be present. Compounding the usual 
combinatoric difficulties associated with pairing of the ob-
served photons, the strong temperature dependence of the 
pion and cr screening masses 9 suggests that the peaks will 
be broadly smeared. However, the rapid crossover of the 
pion gap frequency at the critical temperature and the 
radical change in the cr mode might introduce some struc-
ture in the invariant-mass spectrum just above the low-
temperature pion peak. Precisely what happens depends 
on how the plasma evolves at the crossover temperature. 
More detailed model calculations could help with this 
question. Collisional broadening will obscure the effect. 
Again, whether these modes are in fact observable must 
be left for experiment to decide. 
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